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Summary 
1. Food availability is considered a major factor determining spacing behaviour in territorial species, 
especially for females. Theoretically, spatial overlap (considered the opposite of territoriality) and food 
availability are related in a non-linear manner (hypothesized inverted-U function), with high overlap 
levels at the extremes of a food availability gradient and low overlap at intermediate levels of this 
gradient. Similar patterns are expected for encounter frequencies owing to its expected correlation with 
spatial overlap. However, these predictions have rarely been tested in highly structured social systems 
on a broad gradient of food availability, which implicitly requires experimental manipulation.  
2. We test these predictions in a solitary, territorial and trophic specialist, the Iberian lynx Lynx pardinus, 
taking advantage of a three-decade dataset of spatial behaviour in different scenarios of food availability 
(i.e. rabbit density).  
3. In contrast with expectations, home range overlap among resident females was low (median overlap 
index = 0.08, range 0-0.57) and core area overlap was nearly nil (median overlap index = 0, range 0-0.22) 
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throughout the entire gradient of prey availability.  Furthermore, spatial associations between pairs of 
females were negligible regardless marked variation in prey availability. Therefore, we did not find 
support for a model of flexible lynx territoriality driven by food availability.  
4. Our results suggest that the exclusive use of space in the Iberian lynx was not related to food. Lack of 
influence of prey availability on lynx territoriality may be adaptive to cope with the consequences of 
frequent drought-induced periods of prey scarcity or other disturbance typically affecting wild rabbit 
populations in Mediterranean environments. Thus, lynx would adopt an obstinate strategy of 
territoriality that consists in defending exclusive areas across a broad range of resource availability 
ensuring an exclusive access to the minimum amount of prey necessary for survival and eventually 
reproduction even during periods of prey scarcity. However, we found signs that territoriality was 
influenced by lynx density in a non-linear fashion. Our results suggest the occurrence of population 
regulation through territoriality in this species.  
 
Key words:  spacing behaviour, territorial models, obstinate strategy, food availability, spatial 
association, intruder pressure, population regulation, Lynx pardinus 
 
INTRODUCTION   
In territorial species, spacing patterns are the result of multiple individual interactions and how these 
are influenced by the environment. Food availability, in terms of abundance, distribution and 
predictability, has long been proposed as the most important factor affecting spacing behavior owing to 
its straightforward link with fitness (Carpenter & MacMillen 1976; Maher & Lott 2000; McLoughlin, 
Ferguson & Messier 2000; Adams 2001; Börger, Dalziel & Fryxell 2008). Strong fluctuations in food 
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availability may influence home range size (Adams 2001) with potential consequences for population 
regulation (Doncaster & McDonald 1991; Fryxell et al. 1999) or community assemblage (Fagan, Lutscher 
& Schneider 2007; Ferreras et al. 2011). However, no clear patterns have been reported on the effect of 
pronounced fluctuations of food availability on territoriality (Maher & Lott 2000). 
  Whereas understanding why animals defend territories has attracted considerable interest (Brown 
1964; Grant, Chapman & Richardson 1992; Maher & Lott 2000), the processes governing this behaviour 
remain poorly understood. Territorial models based on food availability state that animals relax 
territoriality, the exclusive use and defense of a portion of their home range resulting from the expression 
of territorial behaviour (Maher & Lott 1995), when food is either very abundant or very scarce in absolute 
terms resulting in a non-linear relationship between territoriality and food availability (hypothesized 
inverted-U function or threshold model of territoriality; Maher & Lott 2000; McLoughlin, Ferguson & 
Messier 2000; Fig. 1). Shifts in the strength of this relationship may reflect changes in the cost/benefit 
ratio of maintaining territoriality (Brown 1964; Carpenter & MacMillen 1976). Thus, by one hand, these 
models proposes that territoriality would cease to be profitable when food availability is very scarce 
because energy spent defending resources would be greater than energy gained or the density of 
competitors is so small that the negligible amount of resources lost to them does not justify the defense of 
a territory (Maher & Lott 2000). On the other hand, territoriality would disappear when food availability 
is very abundant because the amount of food exceeds the intruders or the density of competitors is so high 
that excluding them all would take more energy than defense of the resource warrants (Maher & Lott 
2000). However, it is unclear whether territoriality shifts gradually or abruptly at certain thresholds in the 
ratio between the benefits of territoriality and food availability (Maher & Lott 2000; Fig. 1). Likewise, as 
contact rates between adjacent territory holders are expected to be positively correlated with spatial 
overlap (Robert, Garant & Pelletier 2012), the inverted-U model predicts that values of food availability 
near the extremes of a gradient would lead to an increased frequency of encounters among territory 
holders because of either increased competition interference under extreme food scarcity (resource 
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defense theory; Monaghan & Metcalfe 1985; Robb & Grant 1998) or increased conspecific tolerance 
under high food availability (Gilchrist & Otali 2002; Young, Glasscock & Shivik 2008). 
In territorial carnivorous mammals (Order Carnivora), the influence of food availability on 
different components of territoriality (e.g. territory size, spatial overlap, contact rates) has been 
reported for both solitary and group-living species (e.g. Bailey 1974; Fryxell et al. 1999; McLoughlin, 
Ferguson & Messier 2000; Gilchrist & Otali 200; Atwood & Weeks 2003). However, few studies have 
examined potential shifts in territoriality along a broad gradient of food availability (Maher & Lott 2000) 
or in species with well-structured social systems (but see Fryxell et al. 1999). Even more important, 
previous studies have been performed on generalist species, which may introduce noise in a strict 
exploration of this relationship because trophic generalists can easily buffer changes in food availability 
by exploiting alternative food resources (Knick 1990; Baker et al. 2001), and therefore the difficulties of 
estimating food availability increase (Maher & Lott 2000). Furthermore, without experimental 
manipulation of food availability it is difficult to achieve a scenario of nearly ad libitum food supply to 
properly measure territoriality levels close to the upper limit of the food availability gradient. 
 
Here we comprehensively test the inverted-U territorial hypothesis using the Iberian lynx (Lynx 
pardinus), a solitary, resident and territorial carnivore (Ferreras et al. 1997) as a model species. We took 
advantage of the fact that Iberian lynx feed almost exclusively upon European rabbits (Oryctolagus 
cuniculus; López-Bao, Palomares & Rodríguez 2010) which facilitates the estimation of food availability. 
Lynx have been extensively studied within the Doñana area (SW Iberia) over the last three decades in 
different scenarios of rabbit availability, from a severe scarcity scenario associated with the first 
outbreak of the introduced rabbit hemorrhagic disease in 1990 (Moreno et al. 2007) to periods of 
relatively high local rabbit abundance (Palomares et al. 2001). Moreover, rabbit abundance and 
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predictability were experimentally manipulated to achieve a scenario of ad libitum food availability 
(López-Bao, Rodríguez & Palomares 2008). We focused on females because female solitary carnivores 
are food-maximizers and therefore their spatial organization is expected to be mainly determined by 
food availability. In contrast, the distribution of females is the main determinant of male spacing 
patterns (Erlinge & Sandell 1986; Sandell 1989).  
The inverted-U territorial model predicts flexibility in territoriality along a gradient of food 
availability (Fig. 1), and we also expect that, as a result of spatial overlap, contact rates between 
adjacent territory holders will increase near the low and high ends of the gradient of food availability. 
Specifically, lynx were expected to shift to low spatial overlap and encounter frequencies at moderate 
levels of food availability. 
 
METHODS 
To study lynx spatial behavior, we used three decades of radio-tracking information from two lynx 
subpopulations in the Doñana area (SW Iberia; 37º10’ N, 6º23’ W) called Vera (VE) and Coto del Rey (CR) 
(López-Bao et al. 2010). The size of the Doñana population has been approximately the same (50 
individuals) over the study period (Palomares et al. 2011). VE and CR differ remarkably in habitat quality 
(vegetation structure and rabbit abundance), and consequently lynx density (Ferreras et al. 1997, 
Palomares et al. 2001). For example, between 2002 and 2008, maximum lynx density (considering sub-
adult and adult individuals, > 2 years-old) in VE (6 individuals 100 km-2) was four times lower than in CR 
(24 individuals 100 km-2; Fig. S1) and the relative abundance of rabbits in VE at the annual population 
trough (autumn) was 58 times lower (mean ± SD = 0.07±0.05 rabbits km-1) than in CR (mean ± SD = 
4.08±2.33 rabbits km-1; http://icts.ebd.csic.es/IniciarAction.do; Moreno et al. 2007; Fig. S1). 
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Field methods 
We focused on resident adult females (females >2 years-old that showed annual site fidelity for at least 
10 months). Out of 17 adult resident females that were studied with VHF collars between 1985 and 
2008 (we collected data in 12 years within this period; Fig. S2), six were exposed to our experimental 
manipulation of food. Lynx were monitored on average 2 years (range 1 – 4). Although this number of 
females could be considered a small sample size, it is noteworthy that every year the total number of 
resident females in VE and CR was known and the position of their home ranges was estimated by radio-
tracking. This fact was also confirmed using multiple sources of information (e.g. trapping, camera-
trapping, sightings; Ferreras et al. 1997; Palomares et al. 2001; López-Bao, Rodríguez & Palomares 2009; 
López-Bao et al. 2010).  
Lynx positions were obtained between one and four times per week at random times as well as 
during intensive 24 h monitoring sessions (one location per hour). When possible all marked females in 
an area were simultaneously monitored. This procedure was exactly the same throughout the study 
period (Ferreras et al. 1997; Palomares et al. 2001; López-Bao et al. 2010). For each position, 
triangulation data were taken within 1 km to decrease triangulation error (estimated at <100 m; 
Ferreras et al. 1997), and positions derived from bearings collected at intervals >10 min were excluded. 
Further details about the capture and field methods are given in Ferreras et al. (1997) and Palomares et 
al. (2001). All methods of capture, handling and collaring of lynx were specifically approved by the 
Regional Government of Andalusia and the Doñana National Park.  
To assess a potential relationship between lynx territoriality and prey availability, we measured 
rabbit abundance at the female lynx home range scale which is a more accurate approach than habitat 
or vegetation measures often used as surrogates for food availability (Maher & Lott 2000; McLoughlin, 
Ferguson & Messier 2000). We estimated the relative abundance of rabbits by counting them from a 
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vehicle along fixed transects across lynx home ranges (a total of 14.7 km and 16.2 km in VE and CR 
respectively) 1 h before sunset during two to three consecutive days per month (Moreno et al. 2007). To 
attain an index of monthly rabbit abundance (i.e. relative abundance of wild rabbits), we selected the 
highest count per month and calculated the total number of rabbits sighted per kilometer of transect. 
This method is considered cost-effective to detect temporal fluctuations in rabbit relative abundance 
(Moreno et al. 2007). During the course of the study, rabbit availability ranged from almost 0 to 15.2 
rabbits km-1 whereas simultaneous studies reported that rabbit density varied from nearly zero to >50 
rabbits ha-1, one of the highest rabbit densities reported in Iberia (Palomares et al. 2001; Palomares 
2003; López-Bao, Rodríguez & Palomares 2008). 
 
The experimental manipulation of food 
From 2002 to 2008, as a part of a lynx conservation program (Palomares et al. 2011) we supplied live 
domestic rabbits in 25 permanent 4 x 4 m feeding stations (see details in López-Bao, Rodríguez & 
Palomares 2008), 18 in VE and 7 in CR. In VE, supplementation began in 2002, whereas it was 
implemented in CR four years later. Supplementation (hereafter extra food) was continuous throughout 
the year and our schedule ensured a constant, predictable and ad libitum source of food (López-Bao, 
Rodríguez & Palomares 2008). In fact, only 38% of the rabbits supplied were consumed by lynx, and a 
negligible proportion was taken by other predators (López-Bao, Rodríguez & Palomares 2008). All lynx 
known to live in both study areas used extra food (22 individuals; López-Bao Rodríguez & Palomares 
2009). The provision of rabbits was approved by the Regional Government of Andalusia through the 
implementation of the project LIFE-02NAT/8609. 
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Analyses 
We used the amount of spatial overlap and contact rates as indicators of territoriality among female 
lynx. We calculated the size of adaptive kernel estimates of lynx home ranges (HR, 90% probability 
contour of positions distribution; see Börger et al. 2006) and core areas (CA, 50% probability contour of 
positions distribution) using the extension Home Range (Rodgers et al. 2007) for the program ArcGIS 9 
(ESRI, California, USA) and the reference smoothing factor href. Adaptive kernel estimates amplify areas 
with high density of locations while smoothing areas with low density of locations, thus preventing bias 
in our overlap indices which were based on lynx locations (Powell 2000). For each individual, HR and CA 
were estimated for two periods of four months differing in rabbit abundance: 1) April-July (high rabbit 
abundance) and 2) August-November (low rabbit abundance). We did not consider the period between 
December and March to exclude occasional variations in spacing behaviour associated to mating and 
breeding (Ferreras et al. 1997; López-Bao, Rodríguez & Alés 2008; López-Bao et al. 2010). HR and CA 
sizes were calculated using at least 35 independent positions (time interval between consecutive VHF 
positions to assume independence >6 h, Ferreras et al. 1997). We considered two females as 
neighboring individuals (dyad) when there was overlap between the 99% probability contours of their 
adaptive kernel estimates. After this preliminary screening, we measured spatial overlap for 38 pairs of 
neighboring females, 24 in the April-July period and 14 in the August-November period. 
We used the overlap index by Ginsberg and Young (1992): 
Overlap index = [(nA + nB) / (NA + NB)] 
where nA and nB are the respective numbers of positions that occur in the area overlapped by 
individuals A and B, and where NA and NB denote the number of total positions for each individual. 
Overlapped areas were calculated using ArcGIS 9. The overlap index ranged from 0 to 1, and was 
calculated for each dyad and for both HR and CA estimates. No objective threshold values have been 
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determined to define territoriality at different levels of spatial use (Maher & Lott 1995). We arbitrary 
considered that territoriality occurred when the overlap index was <0.20 for home ranges and <0.10 for 
core areas. Since kernel estimates are probabilistic, and they are influenced by the total number of 
positions and the distance among them, these values were considered conservative and help to buffer 
any potential methodological bias in the estimation of range boundaries. 
To examine changes in contact rates in response to variation in food availability, we first defined 
the positions of two neighboring females as simultaneous when the time elapsed between positions was 
<30 minutes (average duration of these intervals = 14 min; range 0-30; n = 838). Next, we calculated the 
Euclidean distance between simultaneous positions. We considered there was spatial association 
between two neighboring females when the distance between two simultaneous positions was <200 m. 
This distance was selected as twice the maximum estimate of triangulation error at the study area. In 
addition, as spatial association could be influenced by the distance used to define it, we calculated the 
cumulative frequency of spatial association between females defined by distances in the range 200 to 
500 m, at intervals of 100 m, with the aim to test for hidden spatial patterns in contact rates. 
 
Statistical methods 
Since a non-linear relationship between territoriality and food availability has been predicted (Fig. 1) and 
several females were tracked over several years (on average 2.8 females were sampled per year, range: 
1-5; number of dyads = 15, number of years = 12) we built generalized additive mixed models (GAMMs) 
with gaussian error distribution and identity link to examine the relationship between the square-root 
transformed estimations of overlap indices and food availability. We entered the relative abundance of 
rabbits and presence of extra food as predictors in the models representing the entire food availability 
gradient in target lynx subpopulations. 
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In addition, we included in the models three additional factors that could affect this relationship 
in order to statistically control their potential confounding effect. First, temporal variation in lynx density 
could interfere with the relationship between food availability and territoriality (McLouglin et al. 2000; 
Benson, Chamberlain & Leopold 2006). Since both areas have been extensively monitored during the 
last 30 years, we were able to quantify annual population size of those lynx with enough competitive 
abilities as to hold a territory (> 2 years; Palomares et al. 2012) as well as adult resident female density. 
We use these data as a measure of conspecific pressure. To standardize densities each year, we defined 
the area occupied by the VE and CR subpopulations as the minimum convex polygon on the pooled 
positions of all >2 years-old radio-tagged lynx per year and area (range 3-10 individuals, overall >15,000 
positions). Population size and female density were highly correlated (Spearman’s rank correlation 
analyses; rs = 0.889, P <0.0001) and we decided to fit only population size as a covariate. Second, lynx 
spatial ecology is conditioned by landscape structure, which differs between VE and CR (Ferreras et al. 
1997; Palomares 2001; Palomares et al. 2001; López-Bao et al. 2010). Therefore, we included the study 
area in the models as a dichotomic factor. Third, because the overlap index used here rely on the 
number of positions as well as the size of overlapped areas between individuals – the accuracy of which 
also depends on the number of positions -, and the mean number of positions per dyad ranged between 
71 and 278, we decided to include the total number of positions per dyad as a covariate in the models to 
control for heterogeneity in radio-tracking effort.  
Relative rabbit abundance and lynx density were modeled as smoothed parameters whereas the 
other predictor (extra food) and covariates (area, radio-tracking effort) were included as estimated 
parameters. We fitted the same additive models for HR and CA, including an interaction term between 
the relative rabbit abundance spline and the presence of extra food to explore the effect of clumped 
food resources on territoriality. In the absence of extra food we expected that lynx should be more 
sensitive to variations in relative rabbit abundance. The appropriate degrees of freedom of the 
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smoothers were selected automatically using cross-validation (Wood  2006). GAMMs were fitted using 
the ‘gamm4’ package (Wood & Scheipl 2013) within the R 3.0.2 statistical software (R Core Team 2013). 
The identity of the dyad and the year were treated as random factors in all models.  
 
RESULTS 
Spatial overlap 
Overall, HR overlap was low among adult resident females (median HR overlap index = 0.08, range 0-
0.57, 64% of cases below the cutting point of 0.20; Fig. 2). The use of the core area was nearly exclusive 
(median CA overlap index = 0, range 0-0.22, 95% of cases below the cutting point of 0.10; Fig. 2). Above 
our threshold values of territoriality, a few remarkable cases of overlap were observed along the entire 
gradient of food availability, particularly for HR, and during the whole study period, which is contrary to 
what was predicted by theory (Fig. 2; Fig. S2). For similar levels of food availability, variability in overlap 
indices was noticeable (Fig. 2). The degree of spatial overlap was not related to either HR or CA size (Fig. 
S3).  
Significant non-linear relationships between spatial overlap and prey availability were not detected for 
either HR or CA levels (Fig. 2; Table S1). The same pattern emerged when the same models included 
different smoothers for rabbit availability during periods with and without extra food (Table S2). Models 
containing a single smoother for rabbit availability showed a better fit than models including the 
interaction between the availability of wild rabbits and the application of food supplementation, as 
indicated by the Bayesian Information Criterion (Tables S1 & S2). The influence of food clumping 
associated with extra food on spatial overlap was not significant (Tables S1 & S2). The lack of 
relationship between the wild and supplemented components of food availability and spatial overlap 
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was independent of the metric used to estimate the inverse of territoriality (Table S3) or the use of 
covariates in the models (Table S4).  
However, we found that territoriality was influenced by lynx density in a non-linear fashion (Fig. 
3; Tables S1, S2 & S3). In general, the partial effect of lynx density on spatial overlap showed the highest 
levels of spatial overlap at intermediate levels of lynx density, with territoriality tending to increase at 
both extremes of the population density gradient, but particularly at low levels of population density 
(Fig. 3). This effect seemed to be independent of variations in food availability since lynx density was not 
related to the availability of wild rabbits or the presence of extra food (Table S5). 
 
Contact rates 
A total of 838 simultaneous positions of neighboring females was recorded (total number of female 
positions analyzed = 6,010) and among them, only four (0.004%) fulfilled our criteria of spatial 
association, one of which occurred between females exposed to extra food. The probability of spatial 
association between two adult females at a distance of 200 meters or less was 0.0047, and this 
probability remained negligible up to 500 m (below 0.04; Fig. 4) indicating a strong avoidance among 
resident females (see also Fig. S4).  
 
DISCUSSION 
In the Iberian lynx, variations in spatial overlap among resident females were not driven by changes in 
food availability, either in the form of relative abundance of wild rabbits or food supplementation. 
Overlap between adjacent home ranges was generally low, following the rule in solitary felids (Sunquist 
1981; Schmidt, Jedrzejewski & Okarma 1997), but core areas were nearly exclusive regardless of 
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substantial fluctuations in food availability. Consequently, a high proportion of lynx females could be 
considered territorial at the HR level and almost all animals were strictly territorial in their core areas. 
These patterns were constant across space and over time in spite of marked individual differences in 
home range size (López-Bao et al. 2010; Fig. S3) or seasonal fluctuations in rabbit abundance (Palomares 
2003; Fig. S2). Likewise, contact rates were extremely rare along the entire gradient of food availability, 
a behavioural pattern typical of solitary carnivore species (Hemker, Lindzey & Ackerman 1984; Ferreras 
et al. 1997; Mattisson et al. 2011). We detected remarkable variability in overlap between females 
without extra food at intermediate levels of the gradient of food availability (Fig. 2), whereas the 
territorial model we tested predicts a peak of territoriality precisely at those intermediate values (Fig. 1). 
 
In contrast with territorial models that predict an increase in spatial overlap when food abundance is 
high and predictable (Maher & Lott 2000), lynx subjected to experimental manipulation of food showed 
the opposite pattern. Despite the potential of extra food for inducing a relaxation in the defense of the 
outer home range (Boutin 1990), where an increasing tolerance to conspecifics may be allowed, extra 
food did not disrupt female territoriality. Therefore, we did not find support for the predictions of the 
inverted-U territorial model and, more generally, the hypothesis that a flexible territoriality can be 
determined by variation in food availability is rejected.  
The very low rates of contact between adjacent individuals indicate that the observed spatial 
overlap between their ranges could arise through visits into overlapping areas when the neighbors were 
elsewhere within their ranges. In other words, occasional spatial overlap could occur as long as temporal 
segregation is kept. This pattern suggests the existence of a dynamic interaction process of active 
avoidance (López-Bao et al. 2011) near the home range boundaries with intraspecific communication 
perhaps governed by mechanisms other than direct contact (e.g. visual and scent marking). The use of 
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faeces and urine as territorial marks for intra-specific communication has been suggested previously in 
the Iberian lynx (Ferreras et al. 1997; Palomares et al. 2001). For example, Robinson and Delibes (1988) 
showed how lynx faeces were non-randomly distributed on tracks through the vegetation in VE, and 
they occurred more frequently than expected in junctions, where the probability to detect a territorial 
mark was higher. Avoiding physical encounters may have adaptive significance owing to the costs on 
fitness associated with potentially aggressive encounters (Mattisson et al. 2013). 
Unpredictability of food resources during periods shorter than the mean generation time 
(approximately 5 years in the Iberian lynx) is expected to exert a selective pressure on life history traits 
(Boyce 1979). Thus, the observed constancy of a clear lynx territoriality regardless variation in food 
availability may be adaptive, for example, to cope with the consequences of frequent drought-induced 
periods of prey scarcity (White & Ralls 1993). During the study period, droughts, floods, and disease 
have triggered periods of severe food scarcity for the Iberian lynx (Figs. S1 & S2). Since marked spatio-
temporal fluctuations in the abundance of wild rabbits occur during intra and inter annual cycles 
(Fernández 2005; Moreno et al. 2007) and lynx is a specialist predator that depends on rabbits, it might 
be adaptive for lynx to maintain exclusive and well-defined territories to buffer possible fluctuations in 
rabbit abundance (Morrell & Kokko 2005). For example, during the study period, considering the 
maximum and the minimum relative abundance of rabbits per year (temporal fluctuation), local 
percentual change in rabbit availability between spring (high rabbit abundance period) and autumn (low 
rabbit abundance period) ranged between -5.9 % to -97.5 % (Fig. S1). On the other hand, the spatial 
variation in maximum rabbit availability ranged between 2.5 and 15.2 rabbits km-1 in CR, and between 
0.3 and 12 rabbits km-1 in VE, whereas the minimum rabbit availability varied between 0.9 and 6.9 
rabbits km-1, and between 0 and 4.4 rabbits km-1 in CR and VE, respectively (Fig. S1). The age at which 
female lynx acquire and hold territories in Doñana varies from 2 to 7 years (Palomares et al. 2012). 
Variation in wild rabbit availability suggests that territory owners may not be able to predict large short-
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
term fluctuations in rabbit availability, favoring the adoption of an obstinate strategy of territoriality 
that consists in defending exclusive areas across a broad range of resource availability (von Schantz 
1984). For trophic specialists, this mechanism would ensure exclusive access to the minimum amount of 
prey necessary for survival and eventually reproduction even during periods of prey scarcity. This is 
particularly important for a long-lived species, where territory holding would be maintained during 
periods long enough to experience sharp changes in food availability, and where females heavily invest 
in parental care.  
The obstinate strategy of territoriality exhibited by the Iberian lynx contrasts with the suggested 
flexibility with which lynx may adapt the size of their home range or their foraging behaviour to rabbit 
abundance (Palomares 2001; López-Bao et al. 2010, 2011). The constancy of low overlap levels suggests 
that factors other than food availability or range size drive lynx territoriality. Whereas the distribution of 
enough food patches may determine home range size and shape (Adams 2001), unpredictable 
fluctuations in the abundance within rabbit patches might lead to an obstinate strategy of territoriality.   
 
We found that lynx density influenced territoriality non-linearly, with this effect being 
consistently observed in almost all models fitted in this study. This pattern is in agreement with studies 
suggesting that defensive behavior can be density-dependent, where increases in population density are 
accompanied by increases in aggressive behaviour and territoriality (Heske, Ostfeld & Lidicker 1988; 
Bretagnolle et al. 2008; Shonfield et al. 2012; Dantzer et al. 2012). However, assuming that spatial 
overlap is the inverse of territoriality, in the Iberian lynx cases of overlap between home ranges or core 
areas tended to occur at intermediate levels of population density. Interestingly, the strength of 
territoriality tended to increase at the extremes of the population density gradient, in high competitive 
environments (for instance, after a ‘crowding effect’ arising from disturbance factors such as the 
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collapse of rabbit populations; Ferreras et al. 2011) and especially in areas with low lynx population 
density (Fig. 3). Nevertheless, we emphasize that although population density had a significant influence 
on spatial overlap, it never disrupted territoriality, with lynx keeping low levels of spatial overlap overall. 
In other words, only intermediate levels of population density allowed slight (but significant) increases in 
the tolerance to neighboring territory holders. The strong territoriality observed may reflect a very low 
cost/benefit ratio of maintaining territoriality (Brown 1964; Carpenter & MacMillen 1976). Territoriality 
may return fitness benefits at very low lynx densities (resulting from a scarcity of prey that need to be 
defended to survive) or at high lynx densities if associated with a higher probability of intrusion and 
resource depletion by neighbours. If lynx maintain constant territoriality regardless of the ecological 
scenario or other spatial behaviours (home range size), then the interaction between territoriality and 
processes such as habitat saturation or "site-dependent regulation" would affect reproduction and 
dispersal rates or the proportion of floaters in the population (Brown 1969; Rodenhouse, Sherry & 
Holmes 1997; Wolff 1997; López‐Sepulcre & Kokko 2005; Morrell & Kokko 2005). Therefore, our results 
give substantial support for population regulation through territoriality. 
 
Stochastic events such as the outbreak of the viral rabbit hemorrhagic disease in 1990 (Moreno 
et al. 2007), the effect of inclement weather (collapsing rabbit populations; Palomares 2003), or even 
the outbreak of diseases affecting lynx survival and, therefore, the spatial structure of populations (e.g. 
feline leukemia virus; Meli et al. 2009, 2010) are certainly expected to lead variations in lynx spatial 
overlap (Fig. S2). However, reestablishment of territoriality is expected to be quick thus translating the 
impact of these stochastic events into other individual or population level consequences (Ferreras et al. 
2011).  
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Once the effect of food was excluded, an alternative explanation for the observed stability in 
lynx territoriality might be the offspring-defense hypothesis for territoriality in female mammals (Wolff 
& Peterson 1998). This hypothesis states that in species with altricial cubs territoriality has evolved to 
serve as a counter-strategy to infanticide from conspecifics. Some life-history traits of the Iberian lynx 
match the assumptions of this model: i) breeding females are territorial; ii) offspring-rearing space is 
limited as kittens are protected in dens; and iii) kittens and juveniles are susceptible to infanticide by 
either males or females (López et al. 2010). On the other hand, kinship could also be behind the few 
cases of relatively high spatial overlap we observed (Rogers 1987). Further studies are needed to test 
these hypotheses.  
In conclusion, although territoriality provides access to food, exclusive use of space is not strictly 
determined by food availability in the Iberian lynx. Food acquisition may not be the only selective force 
favoring the evolution of female territoriality. In fact, our results suggest that small variations in 
territoriality would be driven by population density instead of food availability showing an example of 
density-dependence of spatial behaviour. 
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Figure legends 
Figure 1. Conceptualized relationship between food availability and territoriality (solid line) or spatial 
overlap (dashed line). Individuals would show high spatial overlap (low territoriality) at the extremes of 
the food availability gradient (situation A), whereas they would decrease spatial overlap (high 
territoriality) at moderate levels of food availability (situation B). Shaded regions indicate the threshold 
areas where gradual or abrupt drifts in territorial behaviour are expected to occur. Adapted from Maher 
& Lott (2000).   
Figure 2. Relationship between the overlap of the home ranges (HR; panel A) and core areas (CA; panel 
B) of pairs of adjacent female Iberian lynx and food availability.  Food availability is represented by the 
relative abundance of wild rabbits (WRA, rabbits km-1), which is plotted separately for the absence (large 
graph to the left of each panel) or presence of extra food (small graph to the right; graphs a1 and b1). 
We assumed that the addition of extra food corresponded to the region of high values at the right end 
of the gradient of food availability. Open circles denote pairs of lynx not exposed to extra food, and 
shaded circles refer to lynx with access to extra food. Horizontal dashed lines represent our arbitrary 
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threshold values for territoriality. Graphs a2 and b2 show the partial effect of the relative abundance of 
wild rabbits (WRA) on spatial overlap predicted by the models in Table S1 (dots: partial residuals of 
spatial overlap indices; lines: smoothers for WRA on overlap; shaded area: 95% confidence intervals).  
Figure 3. Effect of lynx density on home range and core area spatial overlap between pairs of resident 
adult female lynx. Shaded area represents 95% confidence intervals.  
Figure 4. Cumulative probability of female spatial association as a function of the distance considered to 
define spatial association from 200 to 500 m (100 m intervals). 
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